The stock collapsed as a result of overfishing and environmental changes during the late 1960s, since when the spawning stock has gradually increased, from 11 kt in 1972 to 800 kt in 2006. These changes coincided with geographic variation in its distribution. We identify five phases, based on a graphic analysis and the centre of gravity of the fishery. Investigations on a large geographic scale gave no clear indication that sea temperature has affected the distribution. Changes were also not clearly related to stock size or year-class strength. The distribution change in the late 1990s may be partly explained by year classes adopting a new migration pattern when entering the fishable stock.
Introduction
Many fish stocks undergo extensive seasonal migrations between their feeding grounds, spawning grounds, and/or overwintering grounds. The regularity of these migration patterns varies among species. Atlantic herring (Clupea harengus L.) show generally stable patterns that may persist for some years, but occasionally change markedly (Jakobsson, 1980; Dragesund et al., 1997; Corten, 2002) . Factors affecting migration and distribution of herring stocks in different seasons (Corten, 2002) may include sea temperature (Jakobsson, 1969) , stock size (Dragesund et al., 1997) , recruitment of strong year classes to the spawning stock (Corten, 1999; Huse et al., 2002) , exploitation rates (Dragesund et al., 1980) , feeding conditions (Kvamme et al., 2003) , and body condition (Slotte, 1999) . Other possible factors include changes in the location of nursery grounds and coexistence with other species, including competition for food or predator avoidance. However, there are also indications of "inertia" in the response of stocks to external factors, which has been explained by site fidelity of older herring (Corten, 1999) . This means that a stock will continue to follow its adopted migration route until, for example, a year class appears that lacks the guidance usually provided by older herring (Corten, 2002) . Such inertia could account for the often inconsistent or unpredictable responses to environmental or stock-related variables affecting migration routes.
The Icelandic summer-spawning herring (ISSH) has shown large variation in spatial distribution and migration pattern. Jakobsson (1980) examined geographic variation in the wintering grounds from 1947 to 1977 by exploring both fishery and researchsurvey data. During the 1950s and 1960s, the stock wintered off southwest Iceland, and subsequently moved to shallow waters off the southeast coast in the 1970s. The timing of this change coincided with the stock collapse. Since 1977, the migration and distribution of the ISSH stock during autumn and winter have also changed occasionally (Gudmundsdottir and Sigurdsson, 2004; ICES, 2008) . Our objective was to explore potential changes during the period 1978/1979-2006/2007 in more detail, and in the context of variation in stock-specific variables and in oceanographic conditions in Icelandic waters. Because extensive data on interannual variation in spatial distribution are available for autumn and winter, while the spawning and feeding periods are hardly covered, the analysis is restricted to the distribution during overwintering.
Changes in distribution must be viewed in the context of the general life history of the stock. The spawning grounds are located at several locations off the south and southwest coasts between Snaefellsnes and Stokksnes ( Figure 1 ; Jakobsson and Stefánsson, 1999) . After spawning (which peaks in mid-July; Ó skarsson, 2005), adult herring disperse to feeding grounds off the west and east coasts . When feeding ceases in autumn, the stock aggregates into schools and, from early October to December, migrates to the wintering grounds. The overwintering areas are found from the area off Snaefellsnes, around the south coast, to the fjords in eastern Iceland (Jakobsson and Stefánsson, 1999) . The herring leave the wintering grounds again around late February and begin their feeding migrations to the same grounds that they used during summer after spawning . As the fish approach sexual maturity, feeding diminishes and the stock migrates to the spawning grounds in May/June (Ó skarsson, 2005) . The drift of newly hatched larvae from the spawning grounds to the nursery grounds is facilitated by the clockwise coastal current around Iceland (Einarsson, 1956) . The nursery grounds are considered to be mainly located in fjords off the north and northwest coasts (Jakobsson and Stefánsson, 1999) , although large numbers of larvae occasionally occur in other areas, such as in fjords in eastern Iceland and inshore off the southeast, south, and southwest coasts (Gudmundsdottir et al., 2007) . The juveniles leave the nursery grounds at age 2 -3 and become mature at age 3 (20% are mature), 4 (85%), or 5 (100%; ICES, 2008) .
The ISSH has undergone major fluctuations in stock size. During the period 1948-1967 (before the collapse of the stock in the late 1960s), the spawning-stock biomass (SSB) ranged from 80 to 260 kt (Jakobsson, 1980) . SSB declined to a minimum of 11 kt in 1972, but recovered rapidly, thanks to the large year classes of 1971 and 1974. Since then, SSB has gradually increased to around 800 kt during the 3 years from to 2008 (ICES, 2008 , which is among the highest values ever recorded for the stock.
For this study, the interannual variation in the autumn and winter distribution of the ISSH stock is derived from logbook data and a standardized bottom-trawl survey. The variation is then examined with respect to SSB, recruitment, and oceanographic conditions. The impact of spatial variation in fishing pressure on the distribution is also investigated.
Material and methods

Stock distribution
The Icelandic herring fishery is mainly an autumn fishery (September-December), but continues into January or February in some years. The commercial herring fleet keeps logbooks to record catch information, including fishing location (latitude and longitude of each fishing operation), fishing gear (purseseines and pelagic trawls; ICES, 2008), and catches for the different species. These logbook data are accessible in the central database at the Marine Research Institute. We may assume that the location of the fishery reflects the stock distribution because fleet operations involve extensive searches for herring schools. We first plotted the distribution of the cumulative herring catches geographically. To obtain an objective measure of changes in the distribution, the location of the centre of gravity (latitude and longitude in decimals) of the fishery was estimated for each fishing season by weighting each fishing location (i) by the catch (C ) from that location in each year: For 1978 For /1979 For -1985 For /1986 , no logbook data were available, only written information about the fishery (overview in Gudmundsdottir and Sigurdsson, 2004) . The only usable data were from biological sampling of the commercial catch. For those years, therefore, catch was replaced by the number of fish sampled. In this procedure, it is assumed that the distribution of the samples is representative of the distribution of the catch. Of course, the number of datapoints based on biological sampling (7-19; mean ¼ 10; s.d. ¼ 4) is much smaller than that for the logbook data (541 -1338; mean ¼ 977;
The geographic area (in square nautical miles) fished by the herring fleet was assumed to reflect the total area of the herring distribution. The annual fishing area was estimated as the number of fished statistical squares (FSSs: 18 longitude by 0.58 latitude). For 1978 For /1979 For -1985 For /1986 , the number of FSSs was based on the description of the fisheries (Gudmundsdottir and Sigurdsson, 2004 ) and the location of catch samples. For 1987 For /1988 , the number of FSSs was derived directly from the logbook data.
From 1997/1998 to 2006/2007, quantitative estimates of the fishable stock are available (ICES, 2008) . For these seasons, we calculated the proportion caught (P) for the fishery off the west and east coasts separately to investigate whether fishing intensity has influenced the interannual variation in herring distribution.
Factors affecting the distribution
In selecting appropriate temperature indices, both the distribution of the ISSH stock and the oceanographic features around Iceland (Stefánsson and Ó lafsson, 1991) were considered. The Irminger Current is a branch of the North Atlantic Current that brings relatively warm, high-salinity Atlantic water to the southeast coast of Iceland (Figure 1 ). The Irminger Current and the clockwise Coastal Current transport the Atlantic water along the coast to the northwestern corner, where it occasionally turns east and flows into the northern areas and Icelandic Sea (defined as "warm years" off north Iceland) or west into the Denmark Strait ("cold years"). Therefore, the variability of Atlantic inflow to areas off the north coast has a major impact on environmental variability. The area off the northeast and east coasts is mainly influenced by the cold, low-salinity East Icelandic Current, which flows from north to south until it meets the Atlantic water off southeast Iceland. A strong oceanographic frontal zone, often located near Stokksnes (Figure 1) , separates the cold 
Spatial distribution and migration of Icelandic summer-spawning herring
East Icelandic Current and the warm Irminger Current. Therefore, moving from the shelf off the southeast coast clockwise around Iceland, waters become colder and less saline. In addition to these general features, many large-and small-scale features influence the environmental variability in Icelandic waters. The large-scale features include the variability of the Atlantic Subpolar Gyre circulation (Hátú n et al., 2005) and oceanic forcing of atmospheric pressure (Wanner et al., 2001) . The small-scale variations include effects of river run-off, winds, and tidal currents that mainly affect coastal and surface waters.
Based on this general description of the oceanographic features and the distribution of ISSH (Jakobsson and Stefánsson, 1999; Gudmundsdottir and Sigurdsson, 2004; ICES, 2008) , three stations from different hydrographic transects (Figure 1 ) were used to characterize the interannual variability in temperature off east (Krossanes, station 2), south (Stokksnes, station 3), and west Iceland (Látrabjarg, station 4). For each station and year, the mean winter temperature (January -March) at around 50-100 m above the maximum station depth was calculated. These stations all lie on the continental shelf and are representative of the water masses present when assessed at that depth (Anon., 2007) .
SSB and recruitment to the adult stock (i.e. number at age 3) were obtained from two analytical assessments: 1978-1985 from Anon. (1997 ), and 1986 from ICES (2008 . Although the methods differ, both have been tuned with acoustic-survey data.
The potential effect of these parameters was investigated by calculating the correlation coefficients between the interannual estimates of the size of the fishing area and the three temperature indices, SSB, and recruitment.
Results
Stock distribution
Exploration of the ISSH fishery distribution maps (Figure 2 ) from 1978 to 2006 suggests that five phases may be distinguished in the autumn/winter distribution (Table 1) . In 1978 and 1979, herring occupied the coastal waters off southeast Iceland, as in the years immediately before (Jakobsson, 1980) . From 1980 to 1988, the wintering stock specifically occupied the fjords in east Iceland and was also present just offshore. Autumn of 1989 is considered to be the beginning of another phase, characterized by a southeastern distribution of the stock and a gradual offshore movement. From autumn 1992 on, the distribution started to move north to offshore areas, where the main fishing grounds were located until winter of 1996/1997. In addition, herring have also been fished off the southwest and west coasts since autumn 1995. In 1995-1997, mainly juvenile herring were caught there, whereas adult herring contributed most from 1998 to 2006. Off the west coast, the fishery and the fraction of the stock (according to the acoustic surveys; ICES, 2008) have been continuously increasing from 1998 to 2006/2007 (Table 2) . This is clearly reflected in Figure 2 .
The classification into five phases is also illustrated by the movements of the centre of gravity (Figure 3) . Circles drawn around the location of the centres for each of the five phases are clearly segregated, and the spatial positions of the circles support the characteristic features of the phases described in Table 1 .
The size of the fishing area has been relatively consistent between 1978 and 1987 (Figure 4) . From 1998 on, the fishing area expanded as the stock increased its westerly range. The area reached its maximum in 2002.
Factors affecting the distribution
The different temperature indices fluctuated throughout the period, with some common features, such as a warm period during the 2000s (Figure 5a) . Examination of the interannual changes in temperature and occurrence of changes in the distribution of the herring stock does not suggest any consistency that could be interpreted as evidence of a clear linkage between stock distribution and climate.
The size of the fishing area increased through most of the research period (Figure 4) . Fishing area correlated significantly with stock size (r ¼ 0.38, n ¼ 29, p 0.05), and even more so with recruitment (r ¼ 0.58, n ¼ 29, p , 0.01), as well as with sea temperatures at Krossanes (r ¼ 0.64, n ¼ 27, p , 0.001), Stokksnes (r ¼ 0.53, n ¼ 26, p , 0.01), and Látrabjarg (r ¼ 0.63, n ¼ 28, p , 0.001). The maximum size of the fishing area was reached in 2002 and coincided with the largest ever recruitment. The observed changes in herring distribution (Table 1) were not conclusively related to the interannual variation in SSB and recruitment ( Figure 5b ).
Discussion
Although we could classify the changes in wintering distribution of the ISSH stock over the years 1978-2006 into five phases (Table 1) , the factors initiating and affecting these large-scale changes could not be identified satisfactorily. There is no clear indication that sea temperature has had a major effect (Figure 5a ). For example, although the stock occupied the relatively warm waters off the west coast only during the warmest period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , herring preferred either the colder waters off the east coast or the warmer waters off the southeast coast during the relatively cold periods observed earlier. However, despite the absence of a general pattern, we suggest that temperature preferences may still affect herring behaviour and distribution at a finer geographic scale. For instance, according to ICES (2008) , the wintering stock appears to have been seeking the colder waters of small fjords on northern Snaefellsnes (Figure 1) , off western Iceland, in 2006 Iceland, in /2007 Iceland, in and 2007 Iceland, in /2008 The separation of the stock into an eastern and western component around 1998 (Table 1) could not be explained adequately by the environmental or stock-related variables examined here. Other factors may have induced this separation. A comparison of growth of herring caught off the east and west coasts by Ó skarsson (2006) indicates that length-at-age (year classes 1993-2000) off the east coast was generally 1 -2 cm greater for almost all age groups above age 3, suggesting that those fish originated from different nursery grounds. Therefore, we suggest that the onset of the distribution off the west coast (first observed in 1995 in the Eldey area, where a mixture of young and older herring were gathered) may have been triggered by the 1993 and 1994 year classes adopting a new migration pattern. The 1994 year class was relatively large from a historical perspective (Figure 5b ) and was abundant off the west coast at age 2 (Gudmundsdottir et al., 2007) , whereas the 1993 year class was small. We hypothesize that subsequent year classes have mostly joined the part of these two year classes overwintering off west Iceland, instead of joining the eastern component. However, another part appears to have merged with the eastern component, which utilizes different nursery grounds (Ó skarsson, 2006) . The increased proportion of the western component from 1995 to 2006 (Table 2 ) may be explained by both the higher fishing pressure on the eastern component from 1997 to 2004 (Table 2) and the influx of several strong year classes to the western component (ICES, 2008) .
It remains unclear what initiated the changes in migration of the 1993 and 1994 year classes. In the absence of guidance from the main stock component (Corten, 2002) , they may have "learned" (Helfman and Schultz, 1984) this new route from the small number of older herring wintering near Eldey. Alternatively, large-scale oceanographic changes in the North Atlantic in the mid-1990s, as represented by the variations in the Figure 2 . The distribution of the autumn and winter fishery on ISSH, based on information provided in Gudmundsdottir and Sigurdsson (2004 ) for 1978 /1979 -1985 /1986 and in logbooks for 1986 /1987 . Key: t nautical mile
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North Atlantic Subpolar Gyre that resulted in a temperature increase in Icelandic waters (Hátú n et al., 2005) , could have been responsible. To resolve these questions, further research is needed on the dynamics of larval and juvenile distributions.
We focused mainly on fishery-related data in our analysis. We purposely omitted data from annual acoustic surveys for two reasons. First, acoustic data on digital format are not available for the period before 1992, which limits their use in providing a long-term perspective. Second, Gudmundsdottir and Sigurdsson (2004) conclude that stock distribution as revealed by the acoustic survey is well reflected by the fishery logbooks.
The observed correlations among the size of the wintering area, SSB, recruitment, and temperature might be linked in a logical way. We suggest that higher temperatures support the emergence of large year classes, and thus lead to increased stock size (as long as fishing mortality remains moderate). An increase in stock size could have a positive feedback on recruitment (Jakobsson and Stefánsson, 1999; Ó skarsson, 2005 ), but also Phase started after stock collapse in the late 1960s (Jakobsson, 1980) . b Proportion present off the west coast increased throughout the period ( Table 2) . Figure 3 . Annual shifts in the centre of gravity of the ISSH fishery, based on biological samples (asterisks, 1978/1979 -1985/1986 ) and on logbooks (filled circles, 1986/1987 -2006/2007) . The circles enclose the positions during each of the five phases identified (Table 1 ). (Table 1 ). (Table 1) .
requires a larger distribution area during the feeding season, when the herring are less densely aggregated (Nøttestad et al., 1996) . The major densities observed occasionally during wintering (as in a fjord on northern Snaefellsnes, where acoustic measurements in January 2007 located 79% of the total stock; ICES, 2007) suggest that spatial requirements are not the driving force at that time of year. Therefore, the relationship between the size of the wintering area and SSB may be only indirect. The appearance of adult ISSH wintering off the west coast in the late 1990s is not a new feature. Between 1950 and 1965, the stock was usually found off the west coast in autumn, while the wintering grounds were situated off the southwest coast (Jakobsson, 1980) . Also, its presence in the west coast fjords during the winters of /2008 (ICES, 2008 resembles the situation observed in 1946 /1947 and 1947 /1948 (Jakobsson, 1980 . Therefore, the westerly distribution in the 2000s is largely a recurrence of the distribution before the collapse in the late 1960s. There is an apparent analogy between the observations of ISSH and of Norwegian spring-spawning herring (Dragesund et al., 1997; Huse et al., 2002) : in both cases, migration patterns changed after the stocks collapsed, but resumed their former pattern once the stocks had recovered.
